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I.  The Course  of the Reaction. 
It  is  generally assumed that  enzymes, and  catalysts in  general, 
merely accelerate the  velocity of  a  reaction already taking  place. 
In the case of most enzymes the reaction without the enzyme has 
been carefully studied and is at least as well known as the enzyme 
reaction.  The  hydrolysis of proteins  without  the  presence of  en- 
zymes,  however,  has  apparently  received very little  attention,  at 
least from the standpoint of the kinetics of the reaction.  It seemed 
advisable, therefore, in connection with the study of the proteolytic 
enzymes to secure some data in regard to the spontaneous hydrolysis, 
especially since the writer had found that the hydrolysis of gelatin 
by pepsin  1 was  very closely connected with  the  ionization  of  the 
protein.  It  seemed important to  determine whether any influence 
of the ionization could be noticed in the spontaneous reaction.  As 
will be described more fully below, this is found to be the case. 
EXPERIMENTAL. 
Preparation  of  the  Gelatin.--Gelatin  was  selected  as  the protein 
in these experiments since it had already been used in the study of 
pepsin  hydrolysis and  also  since  it  does  not  precipitate in  strong 
acid and alkali.  It is also much more accurately titratable by the 
formol titration than are the other proteins.  The gelatin was pre- 
pared from Cooper's powdered gelatin by washing at the isoelectric 
point  as  described by Loeb,  2 and  was  used  in  a  concentration of 
1 Northrop, J. H., J. Gen. Physiol., 1920-21, iii, 211. 
2 Loeb, J., J. Gen. Physiol., 1918-19, i, 237. 
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from 2  to 3 per cent.  It was practically salt-free.  Several different 
preparations were made during the course of the work.  No  differ- 
ence could be detected in the behavior of these different lots. 
The  increase in  free  amino  or  free carboxyl  groups  is  the  most 
significant  quantity  as  regards  the  hydrolysis  of  proteins,  since  if 
the  accepted  views  of  structure  of  the  proteins  are  correct,  each 
hydrolytic cleavage results  in  the liberation  of a  free amino and  a 
free carboxyl group.  Two methods are available for following quan- 
titatively  the course of such reaction; Van  Slyke's  3 amino nitrogen 
determination,  and  S6rensen's  4  formol  titration  which  determines 
the free carboxyl groups.  For absolute determinations of the amino- 
acids Van Slyke's method is more accurate, for comparative experi- 
ments  concerning the  changes  occurring  in  gelatin  solutions,  such 
as were used in this work, the formol titration is more accurate and 
also much more rapid.  Such a slight hydrolysis of gelatin as that re- 
quired merely to liquefy the protein may be quite accurately deter- 
mined by the formol titration whereas the increase in amino nitrogen 
is so small as to be within the limits of error of the Van Slyke method. 
The formol titration was used therefore in nearly all the  experiments 
reported  in  this  paper.  It  is  well  known  that  many  substances, 
such  as  phosphates  and  carbonates,  interfere  with  this  titration. 
In order to avoid these difficulties the method was slightly modified. 
It is obvious that the final titration figure will depend on the amount 
of alkali  or  acid present in  the  original  solution.  In  order  to  get 
comparable  results,  therefore,  it  is  always  necessary  to  start  the 
titration  from  the  same pH.  This  was  accomplished by  titrating 
the sample to pH 7.0, using neutral red as an indicator, before adding 
the  formaldehyde and  continuing with  the  final  titration.  In  the 
case of gelatin itself,  this  method does  not  give  the  correct figure 
since, in order to get the total acidity, it is necessary to start the titra- 
tion at the isoelectric point of the gelatin; i.e.,  pH  4.7.  The figures 
obtained  by  titrating  from pH  7.0  are,  therefore,  too  low  by  the 
amount  of  alkali  necessary  to  titrate  the  gelatin  from  pH  4.7  to 
pH  7.0.  Since this is a  constant quantity for any given concentra- 
tion  of gelatin,  the  titration figure could be  corrected if  necessary. 
3 Van Slyke, D. D., J. Biol. Chem., 1913-14, xvi, 121. 
4 S6rensen, S. P. L., Biochem. Z., 1908, vii, 45. JOHN  H.  NORTHROP  717 
This  correction  is  small,  however,  and  in  the  case  of comparative 
experiments  cancels  out.  In  the  titration  of  the  amino-acids  the 
correction  is  within  the  limits  of  error  of  the  titration.  A  pH  of 
7.0  was chosen  as  the  standard  since  the  titration  curve  of gelatin 
is  very flat  at  this  point  so  that  the  adjustment  of  the  reaction  is 
accurate to less than 0.05 cc. of 0.1  N NaOH and also since the pre- 
sence of citrate does not interfere at this pH. 
Adjustment of the pH of Gelatir~ Solutions.--In strongly acid or alka- 
line solutions  it is  not  necessary  to  use  buffers since  the  change  in 
the pH during  the hydrolysis of the gelatin is neglible.  Between pH 
1.5  and  11.0,  however, it is  necessary  to  use  some buffer as  other- 
wise the pH of the solution change~ rapidly during  the course of the 
reaction.  It  was  noted  above  that  phosphates  and  carbonates  in- 
terfere  with  the  titration.  Phosphates  are  difficult  to  remove and 
were not used at all in these experiments.  It was found that  a  com- 
plete  series of buffer solutions  could be prepared  with various mix- 
tures  of trisodium  citrate,  HC1,  and Na,  CO3.  These solutions were 
therefore  used.  Since  carbonate  also  interferes  with  the  titration 
it was removed l~y bringing  the sample to about pH 2.5 with strong 
acid,  boiling out the  COs and  then  titrating  back to pH "7.0.  Con- 
trol experiments  showed that  this  procedure had no effect whatever 
on the final titration;  that is, the figure obtained for 10 cc. of gelatin 
solution  was  identical  when  the  gelatin  was  titrated  to  pH  7.0  di- 
rectly before making  the formol titration,  and when it was titrated 
first to say pH 10 with Na2CO3,  then made acid, the carbonate boiled 
out, and then titrated  to pH 7.0.  The total concentration of citrate 
was  not  above 0.05  N,  since  more  concentrated  solutions  caused  a 
slight  increase  in  the  titration  figure  and  rendered  the  adjustment 
to pH 7.0 more difficult. 
Formalin  SoIution.--A  solution  of  formalin  was used containing 
30  cc.  of a  saturated  aqueous  solution  of thymol  blue  per 300  cc. 
of  solution,  and  titrated  with  sufficient  alkali,  so  that  when  5  cc. 
were  added  to  15  cc.  of water, the resulting  solution  had  a  pH  of 
8.4.  This  procedure  obviates  the  necessity of making  a  correction 
for  the  formalin  solution.  5  cc.  of  this  solution  were  used  for  10 
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Example of Titration.-y(a ) Solution Containing no Carbonate.--lO cc. 
of  2.5  per  cent  gelatin  solution  or  the  equivalent  amount,  if  more 
concentrated  gelatin  is  used,  are  pipetted  into  a  large  test-tube, 
1 drop of neutral red is added, and the solution is brought to approxi- 
mately  pH  7.0  by the  addition  of  a  few  drops  of concentrated  al- 
kali (carbonate-free)  or strong HC1.  The  reaction is  then  corrected 
accurately  to  pH  7.0  with  0.1  N  NaOH  (CO2-free)  or  0.1  N  HC1, 
using  a  standard  of pH  7.0  in  the  comparator  block.  5  cc.  of  the 
formalin  solution  are  then  added  and  the  solution is  titrated  with 
0.1  N NaOH to pH 8.4,  using a  standard  tube with thymol blue for 
comparison.  The  neutral  red  does not  interfere  with  this  titration 
and  if  anything  makes  it  more  sharp.  The  number  of  cc.  of  0.1 
N alkali required to titrate  from pH 7.0 to pH 8.4 after the addition 
of  the  formalin  is  noted  and  is  referred  to  as  the  formol  titration. 
This value, as S/Srensen  showed, is independent of the final pH taken, 
provided  this  is  above 8.2.  It  represents  the  number  of cc.  of 0.1 
N acid present in the solution. 
(b)  Carbonate Present.--The solution is brought to pH 2.5-3.0 with 
a  few drops  of concentrated  HC1  and  boiled  for  10  to  20  seconds 
over the  free flame  to  remove  the  CO2.  It  is  then  titrated  as  de- 
scribed under  (a). 
In order to check the accuracy of the method  several experiments 
were  made  in  which  the  results  obtained  by  the  formol  titration 
and  by Van  Slyke's method  were compared.  The  results  of a  few 
of these are given in Table I.  The  amino  nitrogen  was determined 
as  described  by Van  Slyke.  The  solution  was  shaken  for  30  min- 
utes.  In  the  case of gelatin,  the  titration  figures for gelatin  alone, 
without the addition  of formalin are also given.  These figures were 
obtained  from  the  titration  curves  of  gelatin  given  by  Loeb,  5 by 
correcting for the amount of acid or alkali necessary to bring the same 
volume of water  to  the  same  pH.  It  is  found  that  below pH  1.8 
and  above  pH  11.0  at  25°C.  the  figures  so  obtained  are  constant 
and  independent  of  the  pH;  i.e.,  outside  these  limits,  the  gelatin 
is all  combined as a  salt  and  the  figures  represent  the  normality  of 
the solution. 
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TABLE  I. 
Analysis of Gelatin Solutions by Different Methods. 
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Solution analyzed. 
5 per cent gelatin. 
5  per  cent  gelatin 
slightly hydrolyzed 
(just liquefied). 
2  per  cent  gelatin 
partially  hydro- 
lyzed. 
2.5  per  cent gelatin 
nearly  completely 
hydrolyzed  at  pI-I 
14.0 containing 0.1 
N Na~COs. 
1 per cent gelatin  ti- 
trated  directly 
with  HC1  or  any 
strong acid. 
1 per cent gelatin  ti- 
trated  directly 
with  NaOH  or 
Ba(OH). 
Formol titration per 
10 cc. of solution. 
3.00 (direct  ti- 
3,05  tration.) 
2.05 (titration to 
pI-I  7.0. 
2.03  first; neu- 
tral  red 
titration.) 
2.30  " 
2.25  " 
11.60  " 
11.50  " 
19.5  " 
20.8  " 
Equivalent cc. of 
0.1 N NaOtt 
calculated to 1 cc. 
1 per cent gelatin. 
)rmol. 
cc. 
1.060 
p.061 
p.040 
t.041 
t.046 
1.045 
~.58 
P.575 
~.83 
P.78 
Normalit~t 1 per cent 
gelatin. 
0,0036 (Van 
0.0038  Slyke). 
o. 0060 (Formol). 
0.012 
0.006 
The  table  shows  that  the  formol  titration,  if  the  gelatin  is  first 
brought to pH  7.0,  gives identical  figures with  that  of the Van Slyke 
defermination  at  all  stages  of  hydrolysis.  It  also  shows  that  the 
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as  that  obtained  with  the  formol  titration.  The  formaldehyde 
evidently merely makes the  acid  groups  stronger  so  that  it  is  not 
necessary to titrate to such a  high pH. 
The figures in the last column show that  1 per  cent gelatin solu- 
tion is  about 0.004  normal with respect  to  free NH2  groups,  0.006 
normal  with  respect  to  total  acid  groups,  and  0.012  normal  with 
respect to total basic groups.  That is, there must be approximately 
twice as many basic  as  carboxyl groups,  and  three  times  as many 
total basic groups as NH~ groups.  These figures agree approximately 
with those found by Wintgen and Krfiger? 
Determination  of  Hydrogen Ion  Concentration.--The  pH of the so- 
lutions  was  determined  before  and  after  hydrolysis.  In  the  case 
of  the  buffered  solutions  no  significant  change  was  noted.  The 
determination was made by  the  ~.M.F. method  (except  in  the  so- 
lutions containing I-IgC12) using  the  rocking electrodes as described 
by Clark  7 in a constant temperature bath.  A saturated KC1 calomel 
electrode  was  used.  The  E.~.F.  of  this electrode  was  determined 
before  and  after  every  series  of  determinations  against  a  1.0  N 
solution  of  hydrochloric  acid,  prepared  according  to  Hulett  8 and 
checked  by  conductivity  measurements.  The  pH  of  this  1.0  N 
HC1 was calculated from the activity coefficient as given by Noyes 
and Maclnnes;  9 i. e., 0.082  at 25°C.  This standard was chosen since 
Fales and Vosburgh  TM have shown that there is no diffusion potential 
in such a cell and since the strength of the acid can be checked by an 
independent method; i.e.,  the conductivity.  The value for the sat- 
urated  KC1  electrode  found  in  this  way  averaged  244  millivolts. 
It varied  about  1 millivolt on  either  side of this  value,  from time 
to time, but was constant within 1 millivolt during the course of any 
one series of determinations. 
Influence  of  Temperature  on  the  pH.--Since the experiments were 
carried out at 40°C. and most of the pH determinations were made 
at 25°C. it was necessary to know what effect this change of tempera- 
8  Wintgen, R., and Krtiger, K., Koll. Z., 1921, xxviii, 81. 
Clark, W. M., Determination of hydrogen ions, Baltimore, 1920. 
s Hulett, G. A., and Bonner, W. D., J. Am. Chem. Soc., 1909, xxxi, 390. 
9  Noyes, A. A., and MacInnes, P. A., J. Am. Chem. Soc., 1920, xlii, 239. 
10 Fales, H. A., and Vosburgh, W. C., J. Am. Chem. Soc., 1918, xl, 1291. JOHN  H.  NORTHROP  721 
ture would have on the pH.  In order to determine the value of this 
temperature  effect  a  series  of  gelatin  solutions  containing  2  per 
cent gelatin and having a pH of from 0.0 to 14.0 was made up.  The 
pH was adjusted by varying amounts of HC1,  NaOH, Na2CO3, and 
sodium citrate.  The total salt content of all the solutionswas between 
0.02  and 0.05  N.  The pH  of these  solutions was  then determined 
at  25 °  and  at  37°C.  (The  electrodes  regulated at  37°C.  were put 
at the author's disposal by Dr.  Glenn E.  Cullen).  The results are 
summarized in Table II.  The  Coil was  calculated by the formula 
CH Coil =  Kw (or pH +  pOH  =  Log Kw).  The value of Kw at 25 ° 
was  taken  as  1  ×  10 -14  and at 40 °  as  2.8  XIO -14.  It  was  found 
that  the  hydrogen ion  concentration was independent  of  the  tern- 
TABLE II. 
Effect of Temperature on pH of Gelatin Solution. 
pH observed,  pOtt calculated. 
25°C.  40°C.  25°C.  40"C. 
12.70 
12.25 
9.92 
8.42 
5.01 
0.76 
12.25 
11.75 
9.72 
8.42 
5.02 
0.75 
1.30 
1.75 
4.08 
5.58 
8.99 
13.24 
1.25 
1.75 
3.78 
5.08 
8.~ 
12.75 
perature from pH 0.0  to pH 8.8,  and that the (calculated) hydroxyl 
ion concentration was independent of the temperature  from  pH  11 
to  pH  14.  Between  pH  8.8  and  11.0 the  concentrations of  both 
hydrogen and  hydroxyl ions increased with the temperature.  In all 
the other experiments therefore the hydrogen ion  concentration was 
assumed to remain the  same at 25 ° and 40°C.  on  the  acid  side of 
pH  8.5,  and the hydroxyl ion concentration was assumed to remain 
constant on  the alkaline side of  pH  11.0.  The experiments which 
fell between pH  8.8  and  11.0 were measured at 37°C. 
The Course of the Reaction.--It has been known for a long time that 
proteins may be hydrolyzed to the amino-acids by prolonged heating 
with  acids  or  alkali.  The  kinetics  of  the  reaction,  however,  have 
received little or no attention.  Since it was desired to compare the 722  ACTIVITY  COEFFICIENT  OF  THE  I-IYDROGEN  ION 
velocity  of  hydrolysis of  the  gelatin  under  different conditions it 
was first necessary to determine some value to be used as a standard. 
Two gelatin solutions were  therefore prepared,  one containing 0.75 
I~ NaOH and the other 4.5 N HC1.  These solutions were then placed 
at  65°C.  and  the  increase  in  the  formol  titration  followed.  The 
results are shown in Fig.  1.  The curves fall off more rapidly than 
the  predicted  rate  of  a  monomolecular  reaction,  as  is  shown  by 
Fig. 2, in which the logarithm of the "quantity of gelatin remaining 
is  plotted against  the  time,  which in  the  case  of a  monomolecular 
12 
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5  I, 
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FIG. 1. Increase, with tiine, in formol titration in strongly alkaline and strongly 
acid solutions. 
reaction  gives  a  straight  line.  It  is  obvious  from  the  figure  that 
the reaction is monomolecular for the first 30 or 40 per cent but than 
becomes  too  slow.  This  cannot  be  ascribed  to  changes  in  the CH 
or Coil since no measureable change in these values could be detected. 
This  means  presumably  that  the  simpler  decomposition  products 
are more resistant to hydrolysis than is the gelatin itself.  Schroeder  n 
n von Schroeder,  P., Z. physik. Chem., 1903, xlv, 75.  Taylor (Taylor, A. E., 
Univ. California Pub., Path., 1907, i, 239) states that the hydrolysis of protarnlne 
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found that  the rate of decrease of the viscosity of gelatin solutions 
also  follows  the  monomolecular formula.  This  would  be  expected 
since the decomposition products have a very low viscosity compared 
to  gelatin.  It  may be  mentioned that  the  final  figure reached by 
the two  solutions was  nearly identical and  agreed with  that  found 
by Van  Slyke for the total  hydrolysis of gelatin.  The alkaline so- 
lution gave a  slightly higher figure due to silicic acid from the glass. 
Since the gelatin must evidently be destroyed in the very beginning 
of the reaction, it is this part which must be studied in order to notice 
any influence of the condition of the gelatin on  the velocity of hy- 
drolysis.  It will be noticed that the formol titration increases about 
t.0 '~,L  -"~.  e:,. 
'0 
0~ 
FIG. 2. Increase, with time, in formol titration in strongly aklaline and strongly 
acid solutions. 
20  times during  the reaction so  that  during  the  first  two  or  three 
hundred per cent increase in the original figure the increase will be 
very nearly linear with respect to time. 
That this is actually the case is shown in Fig. 3 in which the increase 
in the formol titration, as expressed in per cent of the original figure 
is  plotted  against  the  time.  As  the figure shows, the  curves of all 
the experiments in which the hydrogen ion concentration was kept 
constant  are  straight  lines  within  the limits  of experimental error. 
Curve 4  in which the hydrogen ion concentration decreased during 
the hydrolysis, however, drops off quite rapidly.  As will be shown 724  ACTIVITY  COEFFICIENT  OF  THE  HYDROGEN  ION 
later, the velocity in this range of pH is proportional to the hydrogen 
ion concentration.  Also  since the products formed are weak bases 
we have the condition that  '2 
RNH2 +  HC1 ~  R NH~.HC1  (1) 
and hence,  when RNI-I~ is large compared to Ca; (assuming complete 
ionization of the HC1) 
k 
CH =-- 
Cp2CH, 
i.e.,  the hydrogen ion concentration and hence the velocity of the 
reaction will be inversely proportional  to  the amount of  products 
formed. 
dx  k'  k' 
Velocity =  ~  =  k Ctt  CRNH~  x 
This, as Arrhenius  TM pointed out is the condition which causes Schtitz's 
rule since on integration it becomes 
In Fig. 4 the results have been plotted against the square root of 
the time and it will be seen that the experiment in which the hydrogen 
ion concentration was not  kept constant (by means of buffers) obeys 
Schtitz's rule very well;  i.e.,  the amount of products formed is pro- 
portional  to  the square root of the  time.  Reactions in  which the 
rate is  inversely  proportional  to  the  amount  of products  formed 
have been quite frequently observed.  A very clear case which was 
completely worked out and  the mechanism verified experimentally 
is that of the oxidation of oxalic acid by bromine studied by Richards 
and Stull?  4  Similar reactions are discussed by Miiller. 15  The writer 
t~ The complete equation would be 
+  HCI ~  RNH,  .  HCI ~  RNtt  + +  CI- 
RNH,  ~ 
--~ H20~--- Rlkq-IsOH  RNH~ +  H + 
At the range of pH under consideration, however, the equilibrium may be repre- 
sented approximately by (1). 
t3 Arrhenius, S., Medd. Kong.  vetsakad. Nobelinst.,  1908, i. 
14 Richards, T. W., and Stull, W. N., Z. physik. Chem., 1902, xli, 544. 
la Mtiller, W., Z. physik.  Chem., 1902, xli, 483. JOHN  H.  NORTHROP  725 
was  able  to  show  ~e  that  in  pepsin  digestion  the  same  mechanism 
causes  the  reaction  to  follow  the  square  root law since  the pepsin 
and  the  products  of  digestion  are  in  equilibrium.  The  pepsin  in 
this case replaces the hydrogen ion in the present example. 
Returning  to  the  experiments  in which  the hydrogen ion concen- 
tration  was kept  constant  it  will  be  seen  that  the  rate  of reaction 
is practically  constant  for at  least  the first 400 per cent increase in 
the original  titration  (equivalent to the first 20 per cent  of the reac- 
,•  4OO 
i 
3OO 
100 
#  / 
v 
Day~0  1  2  3  4  5  6  "/  8  9 
FIe. 3.  Course of reaction with various hydrogen ion concentrations. 
10 
tion).  The  velocity  within  this  range  may,  therefore,  be  deter- 
mined  at  any  time  by dividing  the increase  in  the  titration  by the 
elapsed time.  If the increase is expressed as per cent of the original 
figure  this  ratio  will  represent  the  velocity of the  reaction  and  will 
be independent  of the concentration of gelatin.  It  seems more con- 
venient  and  equally  significant  for  the  purposes  of  this  paper  to 
use this figure rather  than  the constant  for the monomolecular reac- 
16 Northrop, J. H., J. Gen. Physiol.,  1919-20, ii, 471. 726  ACTIVITY  COEFFICIENT  OF  THE  HYDROGEN  ION 
tion.  The  velocity will  therefore  be considered  as  the  increase  ex- 
pressed  as per  cent  of the  original  titration  divided  by the  elapsed 
time  in  days.  The  resulting  figure  is  the  per  cent  increase  in  the 
original titration per day, assuming that the amount of unhydrolyzed 
gelatin  remains  approximately  unchanged.  In most  of  the  experi- 
ments determinations  were made at  several  different times  and  the 
velocities  so  obtained  were  averaged.  In  all  cases  the  experiment 
8 
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FIG. 4.  Comparison of the course of reaction with constant  and with varying 
hydrogen ion concentrations. 
was  continued  until  the  original  titration  had  increased  at  least 
50 per cent  and in  all,  except a  few between pH  5.0  and  7.0,  until 
the titration  value had increased over 200 per cent. 
Concentration of Gelatin.--Since  the reaction approximates  that of 
a  monomolecular,  the velocity when expressed as percentage change 
should be independent  of the gelatin concentration.  Table III con- 
tains  the result  of an  experiment  in which the gelatin  concentration 
was  varied  from  10  to  1.25  per  cent;  it  shows  that  the  velocity  is 
independent of the concentration for the early stages of the hydrolysis. JOHN  H. NORTHROP 
TABLE  III. 
Influence of Concentration of Gelatin at 65°C. 
Gelatin Per Cent Concentration Noted + HCl to pH 2.0. 
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Concentration. 
per cent 
10 
5 
2.5 
1.25 
Cx 
2.00 
2.08 
2.03 
2.02 
Velocity ffi per  cent  change. 
time in days 
16 
16,  14 
17 
17,  18 
II.  The  Influence  of Higk  Concentrations  of Hydrogen  and  Hydroxyl 
Ions. 
It  was  shown  above that  the  rate  of the  reaction decreased very 
rapidly if  the  hydrogen ion  concentration was  allowed  to  decrease. 
This in  itself indicates  that  the  rate  is  a  function of  the  hydrogen 
ion concentration and not of the total amount of acid present.  The 
fact that it is the hydrogen ion concentration and not the total acidity 
TABLE  IV. 
Influence of Different A rids on Velocity of Hydrolysis. 
g.5 Per Cent Gelatin at 65°C. with pH Meazured at 25°C. 
Acid. 
HC1  ....................... 
HN03 ..................... 
H2SO4  ..................... 
Oxalic  ..................... 
Citric. : ................... 
Concentration. 
N 
O.024 
0.024 
0.024 
0.050 
0.33 
C~ 25  ° X  I0  a. 
6.0 
6.0 
6.3 
6.3 
5.6 
5.1 
Velocity. 
18 
17 
16 
16 
16 
15 
Velocity  X 10  -z. 
3.0 
2.8 
2.5 
2.5 
2.8 
2.9 
is  shown more  clearly in  Table IV which  contains  the  results  of an 
experiment in  which  the  gelatin  was  brought  to  the  same  pH  with 
different  acids.  The  table  shows  that  the  velocity is  the  same  in 
all  the  solutions  although  the  total  concentration of citric  acid  was 
more than 10 times that of the HC1. 728  ACTIVITY  COEFFICIENT  OF THE  HYDROGEN  ION 
In all the above experiments the hydrogen ion concentration has 
been expressed as that calculated by Nernst's formula from the po- 
tential  of  the  hydrogen  electrode.  It  is  certain  that  this  value 
does  not really express  the  actual concentration in grams per  liter 
of hydrogen ions.  It would probably be  better  to call it  the  "ac- 
tivity coefficient" or "active concentration" as proposed by Lewis ;17 
that is, it represents that value which must be assigned to the hydrogen 
ion  concentration in  order  to  have it  obey the law  of mass  action 
as  assumed  in  Nernst's  equation.  In  low  concentration,  how- 
ever,  the  value  so  obtained  does  not  differ  very  much  from 
that  obtained  by  the  conductivity  anethod.  In  more  concen- 
trated  solution  the  discrepancy becomes  greater  and  may amount 
to  several  hundred  per  cent  in  concentrated  HC1.  It  seemed  of 
interest  to  determine  which  of  these  values  is  the  significant one 
for  the  hydrolysis  of  gelatin.  A  series  of  experiments was  there- 
fore made in which  the  concentration of acid was varied from 1.0 N 
to  about  4.1  N  acid.  The  results  are  shown  in  Table  V.  The 
total acidity was determined approximately by titration.  The values 
for the hydrogen ion concentration by the conductivity measurements 
were interpolated from Kohlrausch's tables.  The hydrogen ion con- 
centrations as  determined by the E. ~.  F. method agree  fairly well 
with those given by Noyes and Maclnnes  9 except in the case of the 
strongest HC1 concentration in which it is  too  low.  It is  remark- 
able that the rate of hydrolysis is in all cases nearly proportional to 
the  hydrogen  ion  concentration  as  determined  from  the  E.  ~.  v. 
measurements.  It is  clear  therefore that it  cannot be  the  concen- 
tration of hydrogen ions as expressed in grams per liter which deter- 
mines therate of the reaction, since in the case of 3.7 N HCI it would 
be  necessary  to  assume  nearly  120  per  cent  dissociation.  On  the 
other hand, the result cannot be  ascribed to  the undissociated acid 
since it is hardly conceivable that the undissociated acid could effect 
the  hydrogen electrode.  It  seems  necessary to  conclude  that it  is 
the  "activity"  of  the  hydrogen ion  which  determines  the  rate  of 
hydrolysis of gelatin as well as the potential of the hydrogen electrode. 
1~ Lewis, G. N., Proc. Am. Acad. Arts and Sc., 1907, xliii, 259. JOHN  H.  NORTHROP  729 
In other words, the "concentration"  as determined by  the  hydrogen 
electrode  is  the  effective  concentration  for  the  present  reaction. 
In a very recent paper Schreiner 18 has suggested the use of a special 
"catalysis-coefficient"  to express the relation of the apparent  hydro- 
gen  ion  concentration,  as  determined  by  catalysis  experiments,  to 
the  total  acid  concentration.  Schreiner  states  that  this  coefficient 
is  equal  to  the  reciprocal  of  the  conductivity  ratio  (corrected  for 
TABLE  V. 
Hydrolysis  of  2.5  Per  Cent  Gelatin  in  Strong  Acid  at 40°C. 
Acid. 
HC1.. 
HC1.. 
H2SO4... 
HC1 ..... 
H,SO,.. 
AC1. 
HC1. 
H2SO4... 
HC1. 
HC1. 
.IJ  C!,,I ~,. ~,.~ .... 
HC1. 
H,SO4 ..... 
rlci. 
Approxi- 
mate con- 
cen  tration. 
N 
4.1 
3.7 
3.7 
3.1 
3.0 
2.2 
2.1 
2.0 
1.5 
1.0 
,,  1,0 
1.0 
1.0 
0.7 
CH 
E.I~.F. 
[5.5] 
5.4 
2.0 
3.6 
1.6 
2.7 
2.10 
0.90 
1.50 
0.84 
....  O 85 
0.89 
0.40 
0.72 
CIt 
Conduc- 
tivity. 
1.97 
1.88 
1.57 
1.75 
1.40 
1.48 
1.40 
1.00 
1.06 
0.80 
•  .o,~o 
0.80 
0.50 
0.60 
Velocity. 
800 
790 
300 
600 
180 
380 
[40o1 
130 
220 
142 
.... 130 
[160] 
60 
110 
KH =  average ................................... 
Ve]ocity 
[130] 
146 
151 
167 
[1251 
140 
[1901 
146 
140 
170 
160 
[1801 
150 
155 
152 
Velocity 
C.r (conductivity) 
400 
400 
200 
340 
130 
250 
[2801 
130 
210 
178 
162 
I2oo1 
120 
185 
viscosity),  and  he  is  able  by its  use  to  calculate  quite  closely  the 
velocity of hydrolysis  of methyl  and  ethyl  acetate  in  concentrated 
acid  or acid-salt mixtures.  It  seems unnecessary  to introduce  such 
a  coefficient in  order  to  account  for  the  results  of  the  experiments 
reported  here,  since  it  is  possible  to  calculate  the  velocity,  within 
th~ ratherlarge  experimental  error,  by means  of the activity coeffi- 
cient alone. 
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IlL  Effect  of  Neutral  Salts. 
It was noted by Arrhenius  .9 in  1899 that the addition of neutral 
salts to a weak acid increased the rate of hydrolysis of methyl acetate 
by the acid, which is  just the opposite of the effect expected from 
the law of mass action.  Arrhenius originally assumed that the salt 
actually increased  the  concentration of  hydrogen ions.  This  view 
was  criticised, however,  and  the hypothesis was put  forward inde- 
pendently  2° by Dawson, and by Senter and Acree that the observed 
effect was due to the undissociated acid and a  large number of ex- 
periments  were  performed  which  strengthened  this  view.  It  was 
found by Nelson and Fales,  21 however, that under certain conditions 
the effect of neutral salts on the activity of invertase could be  as- 
cribed entirely to the effect of the salt on the hydrogen ion concen- 
tration  as  measured  by  the  hydrogen electrode.  Since  that  time 
evidence  has  accumulated  to  show  that  the  addition  of  neutral 
salts to" a  strong acid causes an increase in the hydrogen ion concen- 
tration as measured by the hydrogen electrode.  A  series of experi- 
ments was  therefore performed  to  determine whether  the  addition 
of  salts  would  influence  the  hydrolysis of  gelatin.  The  results  of 
this series are given in Table VI.  It will be seen that the addition 
of 1.5 N NaC1 to 1.0 N HC1 solution increases the hydrogen ion con- 
centration by nearly 50  per  cent and that the rate  of hydrolysis is 
increased  practically  the  same  amount.  That  is,  if  the  effect  of 
the neutral salt on the hydrogen ion concentration is taken into ac- 
count,  there is  no  effect on  the  rate  of hydrolysis.  In  the case of 
NaC1 and CaC12 the result is  the same up to  1.0  N but above that 
the  hydrogen ion concentration is increased more  than  the  rate  of 
hydrolysis.  It was thought at first that this might be due to diffusion 
potentials caused by the NaC1 or  CaC12, since it will be noted that 
NaC1 and CaC12 increase the hydrogen ion concentration more than 
the  same  concentration of  KC1,  whereas  the  effect on  the  rate  of 
hydrolysis is the same for all the salts.  (This is the result obtained 
19 Arrhenius, S., Z. physik. Chem., 1899, xxxi, 197. 
20 For a review of this question see Lewis, W. C. McC., A system of physical 
chemistry, London, 1918-19, i. 
2t Fales, H. A., and Nelson, J. M., J. Am. Chem. Soc., 1915, xxxvii, 2769. JOHN  H. NORTHROP  731 
TABLE  VI. 
Effect of Addition  of Salts on Hydrolysis of 2.5 Per Cent Gelatin at 40°C. 
HCl Concentration 1.0 ~r. 
Salt.  Concentration.  PH  Clz  Velocity.  KH =  Velocity. 
E.~.F.  '  C H 
) ........ 
)  ..... 
KCI ..... 
KC1 ..... 
KCI ...... 
KCI.. 
)  .......  , 
NaCI .......... 
NaCI .......... 
NaCI  ... 
NaC1 .......... 
NaC1 .......... 
NaC1 .......... 
EaCh.. 
EaCh. 
EaCh.. 
N 
0 
0 
1.0 
1.0 
1.5 
1.5 
0.07 
0.08 
+0.06 
+0.05 
+0.08 
+0.08 
0.07 
0.85 
0.83 
1.15 
1.12 
1.20 
1.20 
0.84 
142 
140 
176 
177 
182 
185 
145 
O. 5  +0.17 
1.0  +0.09 
1.5  +0.17 
1.65  +0.20 
1.65  +0.20 
1.65  +0.24 
0.5  +0.034 
1.0  +0.08 
1.5  +0.23 
1.04  170 
1.23  180~ 
19oj 
1.48  180 
1.58  187 
1.58  172 
1.74  174 
1.08  162 
1.20  178 
1.70  185 
168 
169 
153 
158 
151 
154 
172 
163 
146 
155 
120 
118 
109 
100 
150 
148 
110 
65°C.  HCl  Concentration  0.02 N. 
0 ............... 
0 ............... 
KC1 ............ 
KC1 ............ 
KCI ............ 
KC1 ............ 
KC1 ............ 
KC1 ............ 
0 
0 
0.5 
0.5 
1.0 
!.0 
1.5 
1.5 
0.0049 
0.0045 
0.0043 
0.0043 
0.0043 
0.0045 
0.0041 
0.0041 
10  2.0 X  10  a 
11  2.4 X  103 
10  2.3 X  103 
13  3.0 X  103 
12  2.8 X  103 
10  2.2 X  103 
12  2.9 X  102 
12  2.9 X  103 
by  Arrhenius  also.)  Measurement  showed,  however,  that  there  was 
no  diffusion  potential  in  the  case  of  NaC1  at  least.  The  diffusion 
potential  was  measured  by  determining  the  E.  M.  •.  of  the  hydrogen 
electrode  immersed  in  the  NaC1-HCI  solution,  first  against  the  sat- 732  ACTIVITY  COEFFICIENT  OF  THE  HYDROGEN  ION 
urated KC1  calomel electrode (in which case the hydrogen electrode 
in the NaCI-HC1 is negative), and second, against another hydrogen 
electrode immersed in  1.0  N acid; a  saturated KC1  bridge was used 
in  both  cases.  In  this  case  the  electrode in  the  NaC1  solution  is 
positive.  Any diffusion potential  therefore would  tend  to  increase 
the measured potential in one case and decrease it in the other, so that 
the potential  between the  two  hydrogen electrodes when measured 
directly  should  differ  from  the  difference in  potential  of  the  two 
measured  against  the  same  calomel  electrode  by  twice  the  value 
of  the  diffusion potential.  The  experiment showed,  however,  that 
an identical value was obtained by either method. 
The  experiments  summarized  in  Table  VI  show  that  the  effect 
of neutral salts can be accounted for by the increase of the hydrogen 
ion  concentration.  Whatever  discrepancy is  found  is  due  to  the 
fact that  the hydrogen ion concentration apparently increased more 
than  the rate of hydrolysis.  It is  evidently unnecessary to assume 
any activity of the unionized acid in this case at least. 
Experiments in Low Concentration of Ac/d.--The above experiments 
were repeated with 0.02  N HC1 (at 65°C.).  In this case the addition 
of KC1  has a  very slight depressing effect on the hydrogen ion con- 
centration and little if any influence on the rate of hydrolysis.  This 
experiment also  shows  that  the unionized gelatin chloride must hy- 
drolyze at approximately the same rate as the ionized.  It was shown 
by  conductivity  measurements  1 that  gelatin chloride  is  pract~'callY 
completely ionized at pH 2.4,  and that  the addition of 1.0 N C1 ion 
reduces  the  ionization  to  a  very small  amount.  It  also  decreases 
the  rate  of hydrolysis by pepsin  very markedly and  in  direct pro- 
portion  to  the  decrease .in  the  conductivity of the gelatin chloride. 
The hydrolysis of gelatin by acid and by pepsin differs markedly in 
this respect.  In pepsin hydrolysis the rate of digestion is decreased 
by increasing the amount of acid or salt  beyond 0.01  N whereas in 
the acid hydrolysis the rate is unaffected by the addition of salt and 
increases  in  direct  proportion  to  the  hydrogen  ion  concentration 
with  the  addition  of  more  acid.  These  facts  agree  with  the  hy- 
pothesis  that  the  rate  is  hydrolysis of the ionized and  non-ionized 
gelatin salt by hydrogen ion.~ is the same, but that the ionized gelatin 
salt  hydrolyzes m~tch more rapidly than the nondmfi'zed in' the i6res- 
ence of pepsin. JOHN ,H.  NORTHROP  733 
IV.  Influence  of the  Hydroxyl  Ion  Concentration. 
It  has  been  shown  above  that  the  velocity  of hydrolysis  of gelatin 
is directly proportional  to the hydrogen  ion concentration  as measured 
TABLE  VII. 
Hydrolysis of 2.5 Per Cent Gelatin in Strong Alkali at 40°C. 
Alkali. 
Ba(OH), ......... 
KOH .... . ....... 
NaOH ........... 
KOH ............ 
NaOH ........... 
NaOH ........... 
KOH ............ 
NaOH ........... 
KOH ............ 
NaOII ........... 
NaOH ........... 
NaOH ........... 
NaOH ........... 
KOH ............ 
KOH ............ 
NaOH ........... 
NaOH ........... 
Concentration. 
N 
0.16 
0,140 
0.12 
0.69 
0.78 
1.0 
1.27 
1.36 
1.91 
2.0 
2.04 
2.72 
3.0 
2.55 
3.82 
4.08 
4.1 
10~13-S 
COH  =  C//  - 
0.05 
O. 047 
0.045 
0.30 
0.30 
0.45 
0.60 
0.63 
1.25 
0.90 
0.91 
1.20 
1.26 
2.0 
3.2 
1.78 
1~.86 
2.70 
Velocity. 
250 
225 
230 
1,000 
1,300 
2,250 
2,300 
3,300 
5,000 
6,000 
9,000.1 
10,000 
9,000 
8,500 
17,000 
20,000 
14,000 
21,000 
Koa 
NaOH..~ .... ....  4.9 
Average ..................................................  4,700 
Velocity 
Coil (s.M.v.) 25~C. 
5,000 
4,800 
5,100 
3,300 
4~330 
5,000 
3,900 
5,300 
4,000 
6,600 
9,000"] 
10 000_1 
8,4ooq 
7,1001 
4,250 
5,300 
E 
ll,000"] 
7,500.1 
7,800 
by  the  hydrogen  electrode  in  acid  concentrations  of  from  0.10  to 
*g  .  ,  . 
4.1  N,  In Table  VII  the results of a  series of detetmmatmns  m  strong 
alkali  are given.  The  concentration  of hydroxyl  ions was  calculated 734  ACTIVITY COEFFICIENT OF  THE  HYDROGEN ION 
from the pH, taking the value for the dissociation constant of water 
at  40°C.  as 2.8  ×  10 -'4.  The  rate is directly  proportional  in  this 
range to the hydroxyl ion concentration as determined by the hydro- 
gen electrode.  It is not possible to compare  the hydroxyl ion con- 
centration  as  determined  by  the  conductivity  since  the  alkali  so- 
lutions  contained  some  carbonate.  The  constant  is  not  so  good 
here as in the acid solution since the reaction in strong alkali is ex- 
tremely  rapid.  It  will  be  noticed  that  the  proportionality  factor 
for the hydroxyl ion is 4700 whereas that  for the hydrogen ion was 
150;  i.e.,  the  hydroxyl ions  hydrolyze about 30  times  more  rapidly 
than  hydrogen  ions  at  the  same  concentration.  It  is  not  possible 
to say whether  this  difference is due to  the hydrogen and  hydroxyl 
ions or to the difference in the ease of hydrolysis of the gelatin-acid 
salt and the alkali gelatin. 
V.  Influence of Hydrogen and Hydroxyl Ions in Low Concentration. 
It has been shown above that the velocity of hydrolysis in the acid 
range may be calculated from the equation 
Velocity  H =  150 C  H 
and in strongly alkaline  solutions from  the equation 
VelocitYOH = 4700 COH 
Combining  these two equations  we  would  calculate  that  (in  round 
numbers) the velocity at any CH =  150  (CI~ +  30 Coil).  This is the 
same  type  of  equation  found  by  Wijs  22  to  represent  the  influence 
of the  concentration  of hydrogen  and  hydroxyl ions  on  the  rate  of 
hydrolysis  of methyl  acetate.  The  formula  predicts  that  the  rate 
of hydrolysis is  a  minimum when the  CH  =  30  COIl or at 40°C. at 
about  pH  6.0.  (The  mathematical  proof of  this  statement  is  that 
the first derivative of the above expression is zero at the point where 
CH  =  30  Col-i  ,  and  would be equal  to approximately 3  ×  10-4; i.e, 
it would take nearly  30 years to cause an  increase  of 3  per cent in 
the  formol  titration  of  a  gelatin  solution  at  40°C.)  It  was  found, 
however,  that  the  hydrolysis  actually  occurred  at  pH  6.0,  about 
2_~ Wijs, J. J. A., Z. physik. Chem., 1893, xii, 514. JOHN  H.  NORTHROP  735 
300  times  more rapidly  than  that  predicted by  the  formula.  The 
results  of  a  series  of  experiments  covering  the  range  of  from  pH 
1.0  to pH  12 are given in Table VIII and Fig. 5.  In this figure the 
black circles are the experimental points;  the line,  the graph of  the 
expression, Velocity ---  150  (C  H +  30  COH) ; and the circles, the rate 
calculated from a  formula considered below.  It is necessary in this 
range to use some precaution to prevent the growth of microorganisms. 
Several  different  substances  were  used  as  indicated  in  the  table. 
Control  experiments were made at  65°C.  on  the influence of these 
4  \  I  d 
o  "  " 
-a  "\/ 
-4 
43~E  41  0  !  2  3  4  5  6  7  8  9  10  11  12  13  14 
pH  40" 
FIO. 5.  Influence of the hydrogen ion concentration on the velocity of hydroly- 
sis at 40°C. 
on  the  rate  of  reaction--no  significant  effect was  noted.  In  the 
case of HgC12 the pH was determined electrometrically before adding 
the HgCI~ and then colorimetrically.  It is a curious fact that nearly 
all  disinfectants  poison  the  hydrogen  electrode.  The  experiment 
shows  that  the  velocity  of  hydrolysis  is  directly  proportional  to 
the hydrogen ion  concentration from pH  0.65  to pH  2.0.  It  then 
decreases much more  slowly  than  the  hydrogen ion  concentration, 
passes  through a  very fiat minimum at  about pH  6.0  and  then in- 
creases  to  become  directly proportional  to  the  hydroxyl ion  con- 
centration at about pH  10.0.  The position of the minimum cannot 
be  told  with  certainty from  the  figures  given,  since  the  difference TABLE  VIII. 
B uffer.  Preservative. 
See Table V. 
[-IC1.. 
[-ICI. 
FIC1.. 
[-IC1.. 
[-IC1.. 
=itric. 
HC1 citrate ..... 
Zitrate-HC1 ..... 
Toluene 
Toluene 
Benzoate 
HgCI~ 
:itrate-HC1 .....  .Benzoate 
FIC1 citrate .....  HgCI2 
HgCI2 
=itrate HC1 .....  HgC1, 
[IC1.  Toluene 
Toluene 
=itrate.  HgC12 
=itrate ......  HgCIz 
~itrate..  HgCI2 
=itrate-Na2CO8 ....  Benzoate 
Benzoate 
Na2CO3  Thymol 
Toluene 
NaOH, Na,  COs...1 
~qaOH, Na2CO~....]  Benzoate 
NaOH .... 
NaOH ..... 
~ee Table VII ..... 
40°C. 
p// 
q-0.74 
0 
0.76 
1.0 
1.57 
1.80-1.9 
2.20 
2.54 
3.17 
3.60 
4.50 
4.90 
4.90 
4.9 
5.01 
5.4 
6.0 
6.5 
7.2 
8.7-8.4 
9.75 
11.1 
11.1 
12.20 
12.50 
40°C. 
C  H 
5.5 to 1.0 
1 
0.17 
0.10 
0.03 
1  X  10  -~ 
6.3 X  10 -3 
2.9 X  10 -3 
6,8 X  10  -4 
2.5 X  10  -~ 
3.1 X  10  -5 
1.2 X  10  -s 
1.2 X  10 -~ 
1.2 X  I0  -~ 
1  X  10 -~ 
4  X  10  -~ 
1  X  10-* 
3.1 X  10 -r 
Velocity. 
iJ 
3+ 
Coil 40°C, 
5  X  10  -r 
1.6-0.8 X  10  "~ 
1.8 X  10-* 
4  X  10  -3 
4  >(  10  -a 
5  X  10  -2 
0.10 
0.05-3.2 
in 
÷ 
÷ 
I! 
800-100  130-150  130-15q 
165  165  165 
28  165  165 
15  150  150 
5  166  160 
i  180~ 
3.0  250J  180 
2.8  440  350 
2.4  830  30 
0.4  600  150 
0.8  3,200  15 
0.3  10,000  60 
0.3  21,000  120 
0.3  26,000  120 
0.3  25,000 
0.5  50,000  225 
0.1} 
0.2  31,200  150 
100,000  700 
0.2  64,000  450 
0.2  12,000  90 
1.8  3,700~  150 
1,850)  75 
!  2.0  370 
18  150  150 
20  165  165 
]  250  165  165 
330  110  110 
250-1,700!160-I-10  160 
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in the rates is not much greater than the experimental error.  The 
determination of the minimum was checked, however, by noting the 
degree of  liquefaction of  the  solutions  after 90  days  at  40°C,  10 
cc. of the various solutions were brought to pH 5.0, the salt concen- 
tration and total volume made the same in  all the  tubes,  and  the 
tubes then immersed in a water bath at 5  ° for 2 hours.  The degree 
of liquefaction was  then noted.  The result is  given in Table  IX. 
According to  this  determination the minimum point  is  about  pH 
6.5. 
Two hypotheses may be suggested to explain this anomalous in- 
fluence of low concentrations of hydrogen and hydroxyl ions.  First, 
the velocity of hydrolysis is independent of the hydrogen ion con- 
centration between  pH 2.0 and 11.0 (or is proportional to the product of 
CH  X  COIl).  Second, some change takes place in the gelatin solution 
TABLE  IX. 
pH  .............  .....  ......................................  7.2  6.5  6.0  5.3  4.8 
Liquef~cti°n  after  2  h°urs'  5°C ........  I  +  I  4-  [  ~-  [  -[--t--}-  I  +-[- ~--t- 
in this range which causes the gelatin to hydrolyze very much more 
rapidly and so compensate for the decrease in the CH and CHO. 
It seems very unlikely from our knowledge of reactions in general 
that the rate of a reaction should be  quantitatively proportional to 
the hydrogen ion concentration over a wide range and then suddenly 
become independent of it,  to become later directly proportional to 
the hydroxyl ion concentration. 
If we assume temporarily that the rate really is proportional to the 
hydrogen and hydroxyl ion concentration and that the discrepancy 
between the observed rate and the rate calculated on this basis  is 
due  to  a  change in  the  gelatin,  we must  assume  that  the  gelatin 
is changed to a  form which is very much more rapidly hydrolyzed. 
The value of the expression  observed velocity  will evidently be a mea- 
CH  +  30  Coil 
sure  of  this  change.  In  Fig.  6  the  logarithms  of  the  values  of 
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curve of gelatin  (taken from the  titration  curve for  gelatin deter- 
mined  by Loeb),  expressed  as  the  per  cent  of uncombined gelatin 
present.  It is  apparent  that  the two  curves  are  strikingly similar. 
Both are parallel to the X  axis below pH 2 and then rise to a maxi- 
mum,  one  at pH  5.0  and  one  at pH  6.0.  Both then drop  rapidly 
and again become parallel to the X  axis beyond pH 11.0.  This ren- 
ders  it probable  that  the  rate of hydrolysis is some function of the 
amount of uncombined gelatin present.  It will be  noted from the 
table that the value of the "constant" at pH 5.0  (where the gelatin 
is  completely uncombined)  is  about  200  times  that of its value in 
the range where the gelatin is all present in the form of salt.  If we 
assume  then  as  a  first approximation that  the  uncombined gelatin 
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FIQ. 6. Influence of the hydrogen ion concentration on percentage of uncom- 
bined gelatin and on the value of KI  =  elocity . 
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hydrolyzes 200  times as  rapidly as  the  combined and  that  the rel- 
ative efficiency of the H  and OH ions remains the  same  we get for 
the velocity of the reaction 
Velocity = Ks (CFI +  30 COIl) (Ccombined  + 200 Cfree)  (2) 
where  Ccombi~oa and  Cfr~e refer  to  the  concentration  of  free  and 
combined gelatin as determined from the titration curve.  The sum 
of these two quantities is  taken as  1.  The values for K2 are given 
in  the last column (Table viii).  It is  evident that although they 
can hardly be considered as constant they are very much more so than 
the values for K~.  The rates calculated from (2)  are plotted in Fig. 
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It must be remembered that  a  slight  error in the pH determinations 
causes a  very large variation in the constant and  that a  shift of the 
steeper portions of the titration curves of less than 0.2 pH will make 
a difference in the value of K2 of several hundred per cent.  It must 
also be noted that the values on the figure are plotted as the logarithms 
so that  the discrepancies are larger  than  they appear. 
It may be pointed out that a reaction very similar to the above was 
studied by Clibbins and  Francis  23 in connection with  the hydrolysis 
of nitrosotriacetoneamine.  In  this  case also the reaction  is directly 
proportional  to the  COIl over a  wide range and  then  becomes nearly 
independent  of it.  In  still  more  alkaline  solution  the  velocity be5 
comes inversely proportional  to the Coll.  Clibbens and Francis con- 
sider  also  that  this  is  due  to  some change  in  the  condition  of  the 
substance  undergoing  the  reaction  but  Were  unable  to  account  for 
it  quantitatively.  Many  reactions  have  been studied  in which  the 
velocity of reaction  of the ions was very different  from  that  of the 
free substance.  Richards.and  Stul114 found that,  in the reaction be- 
tween oxalic acid and bromine,  the divalent oxalate ion reacts very 
much more rapidly than  any of the other forms present.  Stieglitz  24 
accounted  for  the  mechanism  of  the  hydrolysis  of  the  imido-esters 
by the hypothesis  that  the  ester-salt hydrolyzed either more or less 
rapidly than the free ester.  Similar explanations have been proposed 
by Acree,  Goldschmidt,  and  others. 
It will be noted  that  the peculiar  results  obtained in  the present 
work are  all  in  the  range  of  acidity where  the  enzymes  are  active 
and  where  the  growth  of  microorganisms, is  possible.  It  seemed 
l~ossible,  therefore,  that  the  increased  rate  in  this  range  might  be 
due to traces of enzymes or to the presence of bacteria or the action 
of  the  various  preservatives.  The  experiments  were  therefore  re- 
peated  at  a  temperature  of  65 °,  without  the  addition  of  preserva- 
fives.  Any  traces  of  enzymes  present  would  be  inactivated  very 
rapidly  at  this  temperature  and  their  effect would be noticed  only 
for  the  first  few  hours  at  most.  No  such  effect was  noted.  The 
23 Clibbens, D. A., and Francis, F., J. Chem. Soc., Tr. 1912, ci, 2358. 
F., and Geake, F. H., Soc., J. Chem. Tr. 1913, ciii, 1722. 
2, Stieglitz, J., Am. Chem. J., 1908, xxxix, 29. 
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results  of  this  series  are  given  in  Fig.  7."  The  pH  measurements 
were made at  25 °  and calculated to  65 °  assuming the constant for 
water as  10 -13  at  this  temperature and that the hydrogen ion con- 
centration remains constant up to pH 8.0,  and the hydroxyl ion con- 
centration constant above pH  11.0.  The curve is  similar in  every 
respect to that for 40 °  .  There seems no possibility, therefore, that 
# 
the  anomalous rate  of hydrolysis between pH  2.0  and  10.0  can be 
due to enzymes or microorganisms. 
It will be noted that the rate of hydrolysis is 10 times more rapid 
at 65 °  than at 40  °  if solutions having the  same hydrogen ion con- 
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FIG. 7. Influence of the hydrogen ion concentration on the velocity of hydroly- 
sis at 65°C. 
centration at both temperatures are compared, but only 3 times more 
rapid  if  solutions having  the  same  hydroxyl ion  concentration are 
compared.  This latter value seems remarkably low.  A  similar, pe- 
culiarity was noticed by Michaelis and Rothstein  25  in studying the 
influence of  the  Coil on  the destruction of  pepsin.  These  authors 
found that  the  destruction of pepsin was proportional to  the  third 
power of the Coil, and that, if this was taken into account, the tem- 
perature had no effect on the velocity of the reaction. 
Mechanism  of  the  Reaction.--It  was  mentioned in  the beginning 
of. the paper  that  the hydrogen ion concentration decreases rapidly 
25 Michaelis, L., and Rothstein, W., Bioche~n. Z., 1920, cv, 60. JOHN  H.  NORTHROP  741 
unless some means are provided such as buffer solutions for keeping 
it  constant.  The  same is  true  for  the  hydroxyl ion  concentration. 
According  to  the  classical  definition,  therefore,  the  reaction  is  not 
catalytic  since  some of the  catalyst  combines with  the  products  of 
the  reaction  and  so  would  effect  the  final  equilibrium.  It  seems 
probable  that  this  is  always  true  to  some  extent  and  that  as  was 
emphasized by Stieglitz, a  "catalytic" reaction is merely the limiting 
case of an  ordinary  reaction  in  which  the  products  of  the  reaction 
dissociate more or less completely liberating more or less of one of the 
original  substances  (cf. also Lewis  28 and Falk27).  If the dissociation 
is complete no change could be detected in the  concentration  of  one 
of the  reacting  substances  and  the  reaction  would be monomolecu- 
lar in regard to the other.  If there were no dissociation the reaction 
would,  of  course,  be  bimolecular.  The  present  reaction  is  inter- 
mediate  between  the  two.  It  is  exactly  analogous  in  this  respect 
to the hydrolysis of gelatin by pepsin. 
SUMMARY. 
1.  The  hydrolysis  of gelatin  at  a  constant  hydrogen  ion  concen- 
tration  follows  the  course  of  a  monomolecular  reaction  for  about 
one-third  of the reaction. 
2.  If  the  hydrogen  ion  concentration  is  not  kept  constant  the 
amount  of  hydrolysis  in  certain  ranges  of  acidity  is  proportional 
to the square root of the time  (Schiitz's  rule). 
3.  The  velocity  of  hydrolysis  in  strongly  acid  solution  (pH  less 
than  2.0)  is directly proportional  to the hydrogen ion concentration 
as  determined  by the  hydrogen  electrode  i.e.,  the  "activity;"  it  is 
not  proportional  to  the  hydrogen  ion  concentration  as  determined 
by the conductivity ratio. 
4.  The addition of neutral salts increases the velocity of hydrolysis 
and the hydrogen ion concentration  (as determined by the hydrogen 
electrode)  to approximately  the same extent. 
26 Lewis, W.  C.,  McC., A system of physical  chemistry,  2nd  ed.,  London, 
New York, Bombay, Calcutta,  Madras,  1918-19, i, 416. 
27 Falk,  K. G., The chemistry of enzyme actions, American Chemical Society 
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5.  The  velocity in  strongly  alkaline  solutions  (pH  greater  than 
10) is directly proportional to the hydroxyl ion concentration. 
6.  Between pH 2.0 and pH 10.0 the rate of hydrolysis is  approxi- 
mately constant  and  very much greater  than  would be  calculated 
from  the hydrogen and  hydroxyl ion concentration.  This  may  be 
roughly accounted for by the assumption that the uncombined gelatin 
hydrolyzes much more rapidly than the gelatin salt. 